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Abstract
The mosquito midgut is a hostile environment that vector-borne parasites must survive
to be transmitted. Commensal bacteria in the midgut can reduce the ability of mosquitoes to transmit disease, either by having direct anti-parasite effects or by stimulating
basal immune responses of the insect host. As different bacteria have different effects
on parasite development, the composition of the bacterial community in the mosquito
gut is likely to affect the probability of disease transmission. We investigated the
diversity of mosquito gut bacteria in the field using 454 pyrosequencing of 16S rRNA
to build up a comprehensive picture of the diversity of gut bacteria in eight mosquito
species in this population. We found that mosquito gut typically has a very simple gut
microbiota that is dominated by a single bacterial taxon. Although different mosquito
species share remarkably similar gut bacteria, individuals in a population are extremely variable and can have little overlap in the bacterial taxa present in their guts.
This may be an important factor in causing differences in disease transmission rates
within mosquito populations.
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Introduction
To be transmitted, mosquito-borne parasites must penetrate the insect midgut before completing their development in the tissues of the insect. However, the midgut is
a hostile environment in which many parasites perish;
for example, in Anopheles mosquitoes, only a small
minority of Plasmodium parasites survive the midgut (AlOlayan et al. 2002). Therefore, understanding the factors
that are affecting the survival of parasites in the mosquito midgut has the potential to allow us to reduce or
even block disease transmission. One important factor is
the innate immune system of the insect, which can be
activated when parasites such as Plasmodium and filarial
parasites invade the midgut (Osta et al. 2004; Michel &
Kafatos 2005; Erickson et al. 2009; Michalski et al. 2010),
resulting in the upregulation of immune genes such as
those encoding antimicrobial peptides and thioester-conCorrespondence: Jewelna Osei-Poku, Fax: +44 1223 333992 ; E-mail:
j.osei-poku@gen.cam.ac.uk

taining proteins that have anti-parasite effects (Blandin
et al. 2004; Richman et al. 1997; Vlachou et al. 2005).
However, it has recently become clear that bacteria living
in the insect gut can also have an important role.
The mosquito gut is naturally inhabited by a community of bacteria that can disrupt the development of
human parasites such as Plasmodium (Pumpuni et al.
1993, 1996; Straif et al. 1998; Gonzalez-Ceron et al. 2003;
Dong et al. 2009). One way in which gut bacteria can
interfere with parasite development is exerting direct
anti-parasite effects (reviewed in Azambuja et al. 2005).
This has been shown in the case of an Enterobacter bacterium isolated from African populations of Anopheles
arabiensis, which generates reactive oxygen species that
make the mosquitoes resistant to Plasmodium infection
(Cirimotich et al. 2011). The presence of gut microbiota
has also been shown to activate the immune response
of mosquitoes, causing the release of immune proteins
that are cross-reactive with the parasites (Dong et al.
2009), and this may indirectly block the development of
parasites such as Plasmodium.
© 2012 Blackwell Publishing Ltd
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The different bacteria that have been isolated from
mosquito guts can have dramatically different effects on
the development of human parasites. For example,
Cirimotich et al. (2011) isolated four bacterial species
from wild An. arabiensis mosquitoes and found that
when these were fed to mosquitoes in the laboratory,
an Enterobacter sp. almost completely inhibited Plasmodium development, while the bacterium Bacillus pumilus
had no effect. As these are natural gut bacteria, it is
therefore possible that the composition of the gut microbiota might have an important impact on rates of disease transmission in the wild and cause differences in
the rate that different species or populations of vectors
transmit disease. Furthermore, if the composition of the
gut microbiota could be manipulated, then this could
be a method of disease control. For example, sugar-bait
methods that are used for killing mosquitoes (Müller
et al. 2010) could be adapted for infecting adult mosquitoes with specific bacteria.
To predict how gut bacteria will affect disease transmission, it is important to investigate how the community of gut bacteria varies across different mosquito
species, populations and individuals. One approach is
to culture the bacteria isolated from the gut and characterize the different isolates. It is common, however, to
find that the majority of bacteria in environmental samples cannot be cultured, so this approach may give a
false representation of the bacterial species present and
their relative abundance. A less biased approach is to
amplify the bacterial 16S rRNA gene by PCR and then
clone and sequence the PCR product. This approach
has led to the identification of numerous gut bacteria
from a range of different mosquito species (Gusmão
et al. 2007, 2010; Lindh et al. 2005; Pidiyar et al. 2004;
Rani et al. 2009), but it is a slow and expensive process
so the number of sequences are usually relatively small.
The advent of new sequencing technologies has both
removed the need for cloning the PCR product and cut
the cost of sequencing. This has led to 454 pyrosequencing being increasingly used to investigate microbial
communities in other fields (Sogin et al. 2006; Roesch
et al. 2007; Chandler et al. 2011; Huse et al. 2008;
Bishop-Lilly et al. 2010; Wang et al. 2011).
In this study, we use 454 pyrosequencing to investigate the bacterial diversity in the guts of eight species
of mosquitoes collected from the coastal region of
Kenya. This allowed us to comprehensively catalogue
the bacterial taxa present, and examine how the bacterial community varies in different mosquitoes. We
found that mosquito gut typically has a very simple gut
microbiota that is dominated by a single bacterial taxon.
Although different mosquito species share remarkably
similar gut bacteria, individuals in a population are
extremely variable.
© 2012 Blackwell Publishing Ltd

Materials and methods
Mosquito collection and identification
All mosquito samples were collected from towns and
villages near Kilifi and Malindi on the Kenyan coast
(Fig. S1, Supporting information). Collections were made
in different localities in each area; Mbogolo in the Malindi district, and KEMRI, Mkwanjuni, Mnarani, Matsangoni and Jaribuni in the Kilifi district. BGSentinel traps (Biogents AG, Germany) or CDC light
traps (Center for Disease Control, USA) were set to collect the mosquitoes. In general, Anopheles and Mansonia
were collected from Mbogolo and Jaribuni, while Aedes
and Culex were captured from the remaining sites. The
mosquitoes were morphologically identified with the aid
of taxonomic keys (Edwards 1941; Gillies & de Meillon
1968) and images from Walter Reed Biosystematics Unit
(available from http://wrbu.si.edu/genera_mq.html). We
later verified the mosquito identifications by amplifying
the ribosomal internal transcribed spacer region-1 (ITS1)
as described in von der Schulenburg et al. (2001), as different mosquito species produce different length of PCR
products. PCR products were cleaned and sequenced
with the BigDye Terminator kit (Perkin-Elmer Corporation, USA). Sequencing was performed at the Source
BioScience Center, Cambridge, UK. Sequences were
aligned and visually inspected in Sequencher v4.5 (Gene
Codes Corporation). Resulting consensus sequences
were searched against existing sequences in NCBI
BLAST to confirm mosquito identification.
In total, 86 female mosquitoes distributed across four
genera were analysed for their gut microflora. The
number of amplified individuals for each species and
location is shown on Table 1. We classified the sample
sites into peri-urban and rural based on the type of
buildings (concrete or mud) and infrastructure such as
state of roads (tarred or untarred). Most of the Culicines
were collected from Kilifi town and its environs, while
all the Anophelines were collected from rural Mbogolo.

Dissection of mosquitoes
Females without blood-engorged abdomens were
selected for dissection. Mosquitoes were surface sterilized prior to dissection; 10 min in dilute sodium hypochlorite, 1 min in 19 sterile phosphate buffered saline
(PBS), 1 min in 70% ethanol and then a final wash in
sterile 19 PBS. Dissections were performed under a stereomicroscope in a contained environment that was sterilized with 70% ethanol frequently to eliminate as much
contamination as possible. Each mosquito gut was
pulled out into a drop of sterile 19 PBS on a sterilized
microscopic slide. Extracted guts were returned to a
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Table 1 Mosquito samples collected in towns along the coast
of Kenya

Mosquito species

District

Location

Habitat
type

Number

Aedes aegypti
Culex quinquefasciatus
Aedes aegypti
Aedes bromeliae
Aedes aegypti
Aedes bromeliae
Aedes aegypti
Anopheles gambiae
Culex quinquefasciatus
Anopheles gambiae
Anopheles funestus
Anopheles coustani
Mansonia africana
Mansonia uniformis
Culex quinquefasciatus

Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Malindi
Malindi
Malindi
Malindi
Malindi
Malindi

KEMRI
KEMRI
Mnarani
Mnarani
Mkwanjuni
Mkwanjuni
Matsangoni
Jaribuni
Jaribuni
Mbogolo
Mbogolo
Mbogolo
Mbogolo
Mbogolo
Mbogolo

Peri-urban
Peri-urban
Peri-urban
Peri-urban
Peri-urban
Peri-urban
Rural
Rural
Rural
Rural
Rural
Rural
Rural
Rural
Rural

3
4
3
10
5
4
2
1
1
11
11
1
10
13
7

sterile 1.5 mL microcentrifuge tube containing about
500 lL absolute ethanol and stored till extraction.

DNA extraction
DNA from guts was extracted with QiAamp DNA
Micro kit (Qiagen) according to the manufacturer’s
manual. All extractions were carried out under aseptic
conditions; surfaces were cleaned with dilute sodium
hypochlorite solution and 70% ethanol. To reduce contamination from bacteria in the surrounding air, all
extractions were performed under a localized aseptic
microenvironment provided by flame from a Bunsen
burner. Microcentrifuge tubes for final DNA elution
were irradiated with 200 mJ of ultraviolet light for
1 min in a UV Stratalinker 2400 (Stratagene Ltd., La
Jolla, CA., USA) prior to use. A negative control, in which
the extraction procedure was performed without adding
any tissue, was included to check for contamination.

Primer design
We chose primers that amplified the V3 variable region
of the 16S rRNA in Eubacteria, as this region is known
to be informative in distinguishing bacterial species
(Huse et al. 2008). The basic 16S primers, 338–358 F (5′
ACT CCT ACG GGA GGC AGC AGT 3′) and 683–700
R (5′ CGM ATT TCA CCK CTA CAC 3′) are highly conserved across the Eubacteria and amplify a region from
position 359–682 (excluding primers) in the 16S rRNA
of Escherichia coli (Wang & Qian 2009). To obtain a set
of Fusion Primers (Roche), we added additional
sequences required for Roche 454 Titanium Amplicon
sequencing to the 5′ end of the primers. This also

allowed multiplexing of the samples. Each complete
Fusion Primer consisted of a 21-mer Primer A (5′
CGTATCGCCTCCCTCGCGCCA 3′) or Primer B (5′
CTATGCGCCTTGCCAGCCCGC 3′) followed by a
4-mer Key sequence (5′ TCAG 3′), a 10-mer Multiplex
IDentifier (MID), and finally the 16S primer. The primers were HPLC purified. In total, we used 12 different
MIDs for the forward primer and 12 different MIDs for
the reverse primer (Table S1, Supporting information),
which allowed us to multiplex up to 144 different samples in a single sequencing lane.

PCR and 454 parallel sequencing of gut bacteria
PCR amplification was performed with Phusion HighFidelity DNA Polymerase (NEB, UK), following the
manufacturer’s recommendation for the reaction mix
and cycle. Briefly, each 20 lL PCR reaction contained
4 lL of 59 buffer HF, 0.4 lL of 10 mM dNTP mix
(Fermentas, UK), 0.4 lL of 20 lM forward and reverse
Fusion Primer mix, 0.2 lL of 2 U/lL Phusion HF Polymerase, 1 lL of sample DNA and 14 lL of sterile water.
All reactions were prepared under sterile conditions as
described for DNA extraction earlier. Roughly equimolar concentrations of all positive samples were pooled
into a single tube. The pooled sample was run on a 2%
agarose gel and the resulting band excised and
extracted from the gel using QIAquick gel extraction kit
(Qiagen). The sample was then sequenced in both directions on an eighth of a Roche 454 FLX Genome Sequencer plate using Titanium Series reagents at the
Department of Biochemistry Sequencing Facility,
University of Cambridge.

Pre-processing of sequences
Sequencing on the GS FLX Automated Sequencer produced 49 576 sequences that had passed the machine’s
filter criteria. The average and median length of these
sequences was 365.18 and 378.0 respectively, with a
standard deviation of 48.79. The mean base quality
score was 35.94. GS FLX reports base quality in Phred
equivalent where a maximum score of 40 indicates a
base calling accuracy of 99.99%, that is, a probability of
one in 1000 that a base is incorrect (Margulies et al.
2005; Roche Applied Science 2009). As a quality control,
we included in further analyses only sequences that
were 340–400 bp long, had <20% ambiguous bases and
an average quality score >25. The resulting sequences
were grouped by their barcodes using the Geneious
software (Drummond et al. 2001). During the barcode
assignment, 4594 sequences did not have an exact
match to our barcodes and so were not included. To
remove chimeric sequences that arise during PCR, the
© 2012 Blackwell Publishing Ltd
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remaining 42 951 sequences were run through the
chimera-slayer (Haas et al. 2011) program on Mothur
(Schloss et al. 2009). To ensure we were only analysing
bacterial sequences, a further 362 sequences with <75%
similarity to any sequence in the SILVA–bacteria data
set (Pruesse et al. 2007) were removed, and 14
sequences classified as chloroplast rDNA by Mothur
(Pruesse et al. 2007) were also removed.
We proceeded to use the QIIME pipeline (Caporaso
et al. 2010a) to organize the libraries by barcodes and
align them. We aligned our sequences with the Python
Nearest Alignment Space Termination Tool (PyNAST)
(Caporaso et al. 2010b) using the Greengenes Core Set
alignment as a template (DeSantis et al. 2006). We
removed alignment columns where 95% of the positions
were gaps. The aligned sequences were then assigned
to Operational Taxonomic Units (OTUs), each with
sequences sharing at least 97% similarity using the furthest-neighbour algorithm implemented in Mothur
(Schloss et al. 2009). To reduce the number of sequences
and enable faster analyses to be performed, representative sequences from each OTU were then selected and
used in most analyses. Beta diversity estimates were
made using UniFrac distances (Lozupone & Knight
2005) and are based on weighted Unifrac distances that
have not been normalized unless otherwise stated.
Other analyses such a rarefaction curves, heatmaps and
statistical tests were carried out with custom scripts in
R (R Development Core Team 2008).

Results
The mosquito gut has a low bacterial diversity
As bacterial species cannot be directly identified from
our data, we classified the 33 757 sequences that passed
our quality criteria into Operational Taxonomic Units
(OTUs). Each OTU was defined by sequences with at
least 97% nucleotide identity between them. In total,
there were 789 OTUs, but only 53 of these ever
exceeded a frequency of 1% in any of the guts we sampled. To estimate the species richness of the mosquito
gut microbiota — the total number of OTUs present in
a single gut — we used the Chao1 method (Chao & Lee
1992) to correct for our finite sample sizes. To assess the
performance of this approach, we recalculated this statistic from different sized subsamples of the sequences
from each gut and used these estimates to plot a rarefaction curve. As shown by the asymptotic curves in
Fig. 1A, this analysis suggests that our sequencing
depth was sufficient to obtain good estimates of the
total species richness. Apart from two individuals with
exceptionally high numbers of OTUs, we estimate that
a mosquito gut contains 5–71 OTUs (Fig. 1A). The
© 2012 Blackwell Publishing Ltd

median number of OTUs in a mosquito gut is 42. The
different species of mosquitoes had similar numbers of
OTUs in their guts (Fig. 1B; F7,69 = 1.50, P = 0.18).
Despite a typical gut containing roughly 42 different
OTUs (Fig. 1A), most of these are rare and the bacterial
community is nearly always dominated by a small
number of taxa. On average, the commonest OTU
within a gut constituted 67% of all the bacteria
sequenced from each sample, and the four most abundant OTUs together represented 90% of bacteria. This
pattern of a few dominant OTUs within each gut can be
clearly seen in the heatmap shown in Fig. 2A (see Table
S2, Supporting information for OTU information).
Therefore, the bacterial diversity – which reflects both
the number and abundance of OTUs – is very low.

High variation within host species
There was extensive variation between individuals of
the same host species in the composition of their gut
microbiota. This is clear in the heatmaps shown in
Fig. 2, which illustrate that it is common to find that an
OTU or bacterial genus that makes up over 90% of the
microbiota in one individual may be absent from the
gut of another individual of the same species (Fig. 2).
Certain OTUs were also exclusively found in a single
individual within a host species (Fig. 2). Examples were
observed in Culex quinquefasciatus (OTU 160), Aedes
aegypti (OTU 500), Anopheles gambiae (OTU 215) and
Mansonia uniformis (OTU 426).
To summarize the similarity of the gut microbiota in
different individuals of the same species (b diversity),
we calculated the weighted Unifrac distance between
every pair of guts (Lozupone & Knight 2005). This statistic measures the distance between two communities by
calculating the fraction of the branch length in a phylogenetic tree that leads to descendants in either, but not
both, of the two communities. The weighted Unifrac distance that we used also accounts for the abundance of
each bacterial taxa and is closely analogous to the fixation index FST. In this analysis, the distances were normalized, so a value of zero indicates that two guts have
identical communities and a value of one that they have
non-overlapping communities (i.e. when all the taxa are
plotted on a phylogeny, no branches on the tree are
shared). The average normalized Unifrac distances
within species was 0.64, indicating that there is usually
very little overlap in the composition of the gut microbiota of two individuals of the same species (Table 2).

Different host species have similar bacteria
Different species of mosquitoes have widely varying
abilities to vector human parasites, so we were inter-
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Fig. 1 The estimated number of bacterial Operational Taxonomic Units (OTUs) in mosquito guts. The number of OTUs in each gut
was estimated using the Chao1 method (Chao & Lee 1992). The rarefaction curve was produced by randomly re-sampling different
numbers of sequences from each individual (20 replicate samples/individual gut/sample size) and then calculating the mean of the
20 replicates. Panel A shows the estimated number of OTUs of the 86 mosquito guts re-sampled to a maximum depth of 600
sequences. The red line is the median number of OTUs at each level of sub-sampling. Panel B shows the mean of OTU estimates for
the guts from each mosquito species. Note that there was only a single individual of Anopheles coustani.

ested in whether each species had a unique gut microbiota that could be influencing their vector competence.
To do this, we examined how the total bacterial diversity was partitioned among individuals within each
species and between species using the weighted Unifrac
statistic described earlier. We found that while different
individuals did have significantly different gut microbiota (Mantel test on matrix of weighted Unifrac distances: r = 0.07, P < 0.001), only 7% of the variation
was explained by between-species differences. Therefore, two individuals from the same mosquito species
will typically have almost as great a difference in their
gut microbiota as two individuals from different species. After taking mosquito species into account, sampling location had no significant correlation with the
species composition of bacteria found in guts (Partial
Mantel test on matrix of weighted Unifrac distances:
r = 0.01, P = 0.33).
To visualize these differences between species, we
used the matrix of weighted UniFrac distances to construct a UPGMA tree (Lozupone et al. 2007; Lozupone
& Knight 2005). From this analysis, it is clear that it is
normal for individual mosquitoes to have gut microbiota that are more similar to individuals in other species
than individuals from the same species (Fig. 3). The
same pattern is evident if the same data is used to cre-

ate principal components plots (Fig. 4). Despite this,
there is clearly a tendency for certain species to cluster
together. For example, Culex and Mansonia species tend
to have similar gut bacteria, as does Ae. aegypti and the
Anopheles species (Figs 3 and 4).

Classification of bacterial OTUs
Different bacterial taxa can have very different effects
on the vectorial capacity of mosquitoes, so we classified
our OTUs to the level of genus (Figs 2B and 5). To do
this, we compared our filtered sequence reads to 16S
rRNA sequences in the Ribosomal Database Project
(RDP II) Library using the Bayesian approach that is
implemented by the RDP Classifier (Table S3, Supporting information) (Wang et al. 2007). This classification
resulted in 144 unique bacterial genera that were
mainly composed of four abundant classes of bacteria.
The Gram-negative Gammaproteobacteria, Alphaproteobacteria and Flavobacteria represented 62.3%, 18.3%
and 11.6% of these classified bacteria, respectively. The
Gram-positive Bacilli constituted 3.8% of the bacteria.
17.5% of the bacteria could not be classified below the
level of class (Fig. 5). Nearly half of all the classified
bacteria belonged to two genera (Figs 2B and 5) – Aeromonas (38.7%) and Asaia (13.2%). The next most abun© 2012 Blackwell Publishing Ltd
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Fig. 2 The frequency of different bacterial Operational Taxonomic Units (OTUs) (panel A) and genera (panel B) in the guts of individual mosquitoes. Each column is a different individual, and each row is a different OTU or genus. The colour represents the proportion of sequence reads from a given OTU or genus in that mosquito. White spaces are OTUs found at a frequency of <1%. The
OTUs are arranged so the most frequently occurring are at the top of the figure, and only individuals with at least 20 sequence reads
are included. In panel B, the absence of a genus name indicates that the sequences could only be classified to the level of Class.

dant genus was Chyseobacterium (9.1%) followed by Zymobacter (6.0%).
Other bacterial taxa tended to have a much more
patchy distribution (Fig. 2B). For example, unclassified
Flavobacteria dominate in two individuals of C. quinquefasciatus (82% and 99% of sequences), but are rare
or absent in the rest of our samples. Pantoea (Enterobacteriaceae) was dominant in a single individual of
C. quinquefasciatus (94%), while Pseudomonas was at
frequencies above 80% in single individuals of Ae. ae© 2012 Blackwell Publishing Ltd

gypti, An. funestus and M. africana. The distribution
also suggests there are no host-specific bacterial genera. As was the case for the analysis of OTUs, most
of the variation in the bacterial taxa was between
individuals within a species rather than between species (Fig. 2B). Only two of the bacterial genera
showed significant variation in abundance in the different mosquito species – Aeromonas, which varied
from 49.8% in An. funestus to 14.9% in M. uniformis
(Kruskal–Wallis test: v2 = 22.53, d.f. = 7, P = 0.002),
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Table 2 Variation in the gut microbiota of individuals of the
same species. The distances between individuals of the same
species are normalized, weighted Unifrac distances. A value of
0 indicates identical bacterial communities, and a value of 1
indicates no phylogenetic overlap between the communities
Host species

Mean distance

Culex quinquefasciatus
Mansonia uniformis
Mansonia africana
Anopheles gambiae
Anopheles funestus
Aedes aegypti
Aedes bromeliae

0.63
0.64
0.68
0.74
0.72
0.43
0.66

and Chryseobacterium (Kruskal–Wallis test: v2 = 33.6,
d.f. = 7, P = 2 9 10 5).

Discussion
We have provided a comprehensive, unbiased, cultureindependent study of the bacterial community in the
guts of eight mosquito species sampled from natural
populations. We found that there is generally a very
low bacterial diversity, with a single OTU typically
making up two-thirds of all the bacteria (the divergence
between our OTUs is similar to that between many bacterial species, although some OTUs may be strains of
the same species (Schleifer 2008)). However, there are
also many other rarer bacteria, with a typical gut containing 42 bacterial OTUs. Between individual mosquitoes of the same species, there is enormous variation in
the bacterial taxa present, but there were few consistent
differences between the different mosquito species in
the composition of their gut microbiota.
The variation between individuals in the composition
of their gut microbiota may affect the vector competence of mosquitoes. Several studies have found that a
range of Gram-negative gut bacteria inhibit the development of Plasmodium, while Gram-positive bacteria do
not (Cirimotich et al. 2011; Gonzalez-Ceron et al. 2003;
Pumpuni et al. 1993). Furthermore, different Gram-negative bacteria have varying effects on Plasmodium
(Cirimotich et al. 2011; Gonzalez-Ceron et al. 2003; Jadin
1967). Some of the variation may be explained by the
differences in the production of certain metabolites. For
example, the red pigment prodigiosin, which is produced by some Gram-negative bacteria, has been shown
to be effective against Plasmodium (Kim et al. 1999; Isaka
et al. 2002; Lazaro et al. 2002). In Anopheles stephensi, Klebsiella blocked the development of Plasmodium berghei,
whereas Pseudomonas did not (Jadin 1967). In the same
mosquito species, the two bacteria genera had opposite
effects on P. falciparum (Jadin 1967). Therefore, the dif-

ferences in the gut microbiota we have observed
between individuals within a host species could be
causing variation in vector competence. They may also
be affecting other aspects of host biology, such as is
observed in Drosophila melanogaster where flies prefer to
mate with individuals that have a similar bacteria community in their guts (Sharon et al. 2010).
The variation that we have observed may reflect differences in the bacteria that mosquitoes have acquired
from the environment. Mosquitoes such as Anopheles,
Aedes and Culex prefer laying their eggs in water that
contains bacteria (Lindh et al. 2008; Pavlovich & Rockett
2000; Rockett 1987), and midgut bacteria acquired from
the larval environment can then be transmitted transstadially to the adult gut (Jadin et al. 1966; Pumpuni et al.
1996; Briones et al. 2008). It is also possible for adult
mosquitoes to acquire bacteria from their breeding
water while they emerge from their pupal cases (Lindh
et al. 2008). Bacteria acquired this way can then be horizontally transferred between individuals through deposition of bacteria back into laying water (Lindh et al.
2008) or via common feeding sites.
Host diet also shapes the gut microbiome. Differences
in the gut microbiota of several species of Drosophila is
strongly influenced by diet (Chandler et al. 2011), and it
is possible that the lack of between-species variation we
observed in the gut microbiota is because these mosquitoes tend to have rather similar diets, feeding on
microbes as larvae, and blood and nectar as adults. Our
samples may have included individuals that had blood
fed and individuals that had not. This could cause
between-individual variation, as both sugar- and blood
feeding changes bacterial abundance in mosquito
midguts (Demaio et al. 1996; Gusmão et al. 2010; Wang
et al. 2011). Acetic acid bacteria, for example, are associated with many insects that have a sugar-based diet
(Ashbolt & Inkerman 1990; Mohr & Tebbe 2006; CorbyHarris et al. 2007; Crotti et al. 2009). Blood feeding, in
particular, triggers the proliferation of bacteria (Gusmão
et al. 2010) and, certain bacterial taxa show more
increase than others. In Anopheles gambiae, older adults
that have had blood meals increase Proteobacteria and
decrease the bacterial species richness in the gut (Wang
et al. 2011). Newly emerged adults that have not fed
generally have higher species richness than we
observed (Wang et al. 2011), which suggests that we
may have sampled older mosquitoes that have already
fed. Although we selected individuals that were not
engorged with blood, we have no knowledge of prior
feeding patterns of our samples and how old they could
be since emergence.
A less well understood influence on the bacterial
community is the genetic background of the insect. Evidence for its potential role comes from Drosophila,
© 2012 Blackwell Publishing Ltd
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Fig. 3 UPGMA tree showing clustering of the bacterial communities in the mosquito guts. Weighted (quantitative) classification was
used. Jackknifed support values above 0.90 are shown.

© 2012 Blackwell Publishing Ltd
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Fig. 4 Principal component (PC) plots of gut bacteria diversity. Coloured dots represent mosquito samples. Lack of ellipsoids around
dots indicates strong Jackknife support values.

where the gene Caudal maintains immune system
homoeostasis, and knock-down of the gene alters the
composition of the gut microbial community, resulting
in high mortality (Ryu et al. 2008). However, as the differences between individuals of the same species are far
greater than between different species, this is likely to
be a relatively unimportant factor.
Our deep sequencing approach has allowed us to catalogue the taxonomic diversity of the mosquito gut microbiota in great detail. In total, we found 22 genera that
occur at a frequency of more than 1% in at least one of
the individual guts. Consistent with previous studies,
we found that the mosquito gut is dominated by Gramnegative bacteria (Cirimotich et al. 2011; Demaio et al.
1996; Dong et al. 2009; Lindh et al. 2005; Straif et al.
1998), with Proteobacteria and Bacteroidetes constituting more than 90% of the community. As Gramnegative bacteria tend to offer greater protection against
Plasmodium than Gram-positive bacteria (Cirimotich
et al. 2011; Gonzalez-Ceron et al. 2003; Pumpuni et al.
1993, 1996), this suggests that the gut microbiota may
be an important factor reducing rates of disease transmission.
Aeromonas spp. was the commonest bacteria, representing on average over a third of the gut microbiota.
Aeromonas spp. are common in insects, having been
previously reported in house flies (Nayduch et al. 2005),
tsetse flies (Geiger et al. 2011) and mosquitoes (Djadid
et al. 2011; Pidiyar et al. 2004), with Aeromonas culiciola
being the most abundant gut bacterium in Culex
quinquefasciatus (Pidiyar et al. 2002). Aeromonas is also
commonly isolated from breeding water of mosquitoes
(Smith et al. 1998), suggesting that mosquitoes are
ingesting these bacteria as larvae. Transstadial transfer

from larvae to the adult gut is possible. Despite a
reduction in bacterial numbers in the adult gut (Chavshin et al. 2012), Aeromonas rapidly proliferates following a blood meal (Pidiyar et al. 2002).
The second most abundant genus was Asaia, which
is found in all the mosquito species we sampled at an
average frequency of 13%. Asaia is an acetic acid bacterium that has been found in the midgut, salivary
glands and reproductive organs of An. stephensi and
An. gambiae, two species of mosquitoes that transmit
malaria (Favia et al. 2007; Damiani et al. 2010). The
localization of Asaia in these tissues means that they
may play important roles in interacting with parasites.
Furthermore, the bacterium is not only transmitted
horizontally when mosquitoes feed together, but it is
also transmitted sexually, maternally and paternally,
so it can form stable associations across multiple generations (Damiani et al. 2008). Unusual for a vertically
transmitted symbiont of insects, it can also be cultured, transformed and easily moved between host
species (Crotti et al. 2009), making it an excellent candidate for expressing anti-parasite proteins in natural
populations, an approach called paratransgenesis (Favia et al. 2007; Damiani et al. 2010). Our study is the first
report of natural association of Asaia with Mansonia
uniformis, M. africana, Aedes bromeliae and An. coustani.
Mansonia uniformis is a competent vector of filariasis
(Nelson 1959; Ramalingam 1968; Wharton 1962), and
Ae. bromeliae transmits yellow fever (Huang 1986).
Although An. coustani is previously recognized to have
a zoophilic behaviour, it has recently been reported to
also possess anthrophilic tendencies implicating the
species in the potential transmission of human malaria
(Fornadel et al. 2011). Our results suggest that Asaia
© 2012 Blackwell Publishing Ltd
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Fig. 5 The mean frequency of bacterial genera in mosquito guts. Only bacteria that exceed 1% frequency in at least one individual
are included. The mean frequencies are calculated with each individual gut being weighted equally.

can infect field populations of most mosquito disease
vectors.
Chryseobacterium was the third most abundant genus
and was particularly frequent in Aedes mosquitoes.
Although Chryseobacterium meningosepticum was found
in all individuals of An. gambiae tested by Dong et al.
(2009), little is known about its effects on insects or disease transmission.
Pseudomonas has been reported to be common in
mosquito guts (Jadin et al. 1966; Rani et al. 2009), but
we found it had a very patchy distribution with only
a few individuals infected at frequencies above 1%.
Both positive and negative effects of Pseudomonas on
Plasmodium have been reported (Jadin et al. 1966;
Straif et al. 1998), so the heterogeneity in infection
© 2012 Blackwell Publishing Ltd

rates may contribute to variation in disease transmission. Pseudomonas proliferates after a blood meal, and
it has been suggested that it may be important in
coping with oxidative stress after blood feeding
(Wang et al. 2011).
In Anopheles mosquitoes, bacteria in the genus Enterobacter can dramatically reduce the intensity of Plasmodium infection (Cirimotich et al. 2011; Straif et al. 1998)
because of the production of reactive oxygen species
that affect the development of oocysts from ookinetes
(Cirimotich et al. 2011). They have also been reported to
be common in blood-fed Ae. aegypti (Gaio et al. 2011)
where they have haemolytic activity that is important
in digestion. Despite these bacteria having been isolated
from African mosquitoes in the past, we found Enterob-

5148 J . O S E I - P O K U E T A L .
acter were rare in our sample, never occurring at a frequency over 1% in any of the guts.
The bacteria we have identified might not only be
important in affecting natural rates of disease transmission, but could also be exploited to manipulate disease
transmission in the wild. It may be possible to infect
wild mosquito populations with bacteria that either naturally confer resistance to human parasites, or to exploit
them for paratransgenesis – the concept of using insect
symbionts to drive anti-parasitic factors through populations (Beard et al. 2002). Before this can be attempted,
we need a greater understanding of the transmission of
these bacteria in nature, and how bacteria released into
the environment can compete with the natural symbionts of mosquitoes.
In summary, deep sequencing has allowed us to provide a comprehensive catalogue of the bacteria that naturally inhabit mosquito guts in this population,
expanding the range of both hosts and bacteria that
have been studied. We found that the mosquito microbiota has a very low bacterial diversity within an individual, but much greater variation across different
individuals. Understanding the implications of this variation for disease transmission promises to be a fertile
field for future research.
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